Abstract. Measurements of gaseous pollutants -including ozone (O 3 ), sulfur dioxide (SO 2 ), nitrogen oxides (NO X = NO + NO 2 ), carbon monoxide (CO), particle number concentrations (5.6-560 nm and 0.47-30 µm) -and meteorological parameters (T , RH, P ) were conducted during the Campaigns of Air Quality Research in Beijing and Surrounding Regions in 2008 (CAREBeijing-2008), from 27 August through 13 October 2008. The data from a total 18 flights (70 h flight time) from near the surface to 2100 m altitude were obtained with a Yun-12 aircraft in the southern surrounding areas of Beijing (38-40 • N, 114-118 • E). The objectives of these measurements were to characterize the regional variation of air pollution during and after the Olympics of 2008, determine the importance of air mass trajectories and to evaluate of other factors that influence the pollution characteristics. The results suggest that there are primarily four distinct sources that influenced the magnitude and properties of the pollutants in the measured region based on back-trajectory analysis: (1) southerly transport of air masses from regions with high pollutant emissions, (2) northerly and northeasterly transport of less pollutant air from further away, (3) easterly transport from maritime sources where emissions of gaseous pollutant are less than from the south but still high in particle concentrations, and (4) the transport of air that is a mixture from different regions; that is, the air at all altitudes measured by the aircraft was not all from the same sources. The relatively long-lived CO concentration is shown to be a possible transport tracer of long-range transport from the northwesterly direction, especially at the higher altitudes. Three factors that influenced the size distribution of particles -i.e., air mass transport direction, ground source emissions and meteorological influences -are also discussed.
Introduction
The air quality in Beijing and the surrounding area has worsened since the introduction of motor vehicles in the 1950s, continuing industrialization and widespread use of coal for power production. The 2008 Olympic Games brought the focus of the world onto Beijing and its pollution problem. The federal, provincial and city governments have been addressing this problem with the introduction of many new pollution control measures in an attempt to reduce emissions in general and particularly in Beijing due to the publicity generated by the Olympic Games (Beijing Organizing Committee of the XXIX Olympic Games, 2005; Streets et al., 2007) . Many studies have been conducted to study the air pollution in Beijing and surrounding areas Garland et al., 2009; Guinot et al., 2007; Huang et al., 2010; Streets et al., 2007) .
However, the air pollution in Beijing is a regional problem due to different sources mixed together from local and surrounding areas (Garland et al., 2009; Jung et al., 2009; Matsui et al., 2009 ). An international field campaign "Campaigns of Air Quality Research in Beijing and Surrounding Regions in 2006 (CAREBeijing-2006) ", was conducted in the summer of 2006 to evaluate the magnitude of the pollution problem. These studies confirmed that the air pollution was a regional problem on a scale of up to 1000 km (Garland et al., 2009; Jung et al., 2009; Matsui et al., 2009 ) and highpollution periods were usually associated with the transport of air masses from the south Yue et al., 2009 ). Another study (Streets et al., 2007) , based on model results, estimated that sources outside of Beijing contributed 34 % of the particulate mass with an aerodynamic diameter less than 2.5 µm (PM 2.5 ) and 35-60 % of ozone during high-ozone episodes. They also found that the neighboring Hebei Province could contribute 50-70 % of Beijing's PM 2.5 and 20-30 % of ozone contributions during sustained wind flow from the south (Streets et al., 2007) .
Aircraft measurements provide the means to study the vertical structure of the pollution over large horizontal distance and relatively short timescales. An airborne measurement platforms allows rapid deployment to multiple areas of interest, and the vertical mobility provides insight into boundary layer dynamics, vertical layering of pollutants, vertical stability and provides measurements of a more statistically relevant area (Taubman et al., 2006) . A number of aircraft field campaigns have been carried out in or downwind of China. The Asia Pacific Regional Aerosol Characterization Experiment (ACE-Asia; Kawamura et al., 2003; Huebert et al., 2004; Simoneit et al., 2004) made aircraft measurements over the Yellow and East China seas, an outflow region for pollutants from China, as well as the spatial and vertical distributions of pollutants over coastal and inland China (G. ). An international project, the Atmospheric Brown Cloud East Asian Regional Experiment (ABC; Wang et al., , 2008a , has been running in China since the early 1990s, and many domestic projects supported by the Chinese Science Foundation have also collaborated in many aircraft field campaigns. The size distribution of airborne particles over eastern coastal areas (W. , vertical ultrafine particles profiles over northern China coastal areas during dust storms (Wang et al., 2008a) and gaseous and particulate pollutants over Pearl River Delta (Wang et al., 2008b) have been studied. Other aircraft observations from the Transport and Chemical Evolution over the Pacific Experiment (TRACE-P; Tu et al., 2003) showed substantial concentrations of SO 2 over the Pacific downwind of China . Another Chinese-American joint project, EAST-AIRE (the East Asian Study of Tropospheric Aerosols: an International Regional Experiment; Li et al., 2007) investigated the vertical distribution of pollutants and dust over east Asia from eight flights under a variety of weather conditions in northeastern China centered over Shenyang, a large industrial city 650 km northeast of Beijing, shedding light on the mechanisms of long-range pol- lutant transport out of east Asia .
The aircraft measurements mentioned above were conducted over coastal areas or the northwestern regions of China. There have been few measurements over the Beijing region except for case study of aerosols and in situ aircraft measurements from 2005 to 2006 ) before the control measurements were implemented for the Olympic Games. The "Campaigns of Air Quality Research in Beijing and Surrounding Regions in 2008 (CAREBeijing-2008) " was a follow-up international field campaign of CAREBeijing-2006 led by Peking University, which focused on characterizing the air quality during the 2008 Beijing Olympic Games . As part of CAREBeijing-2008, this presentation here summarizes the regional variations in gaseous and particulate pollutants during and after the Olympics of 2008 from 18 measurement flights and discusses the factors that influenced the characteristics of these pollutants.
Experimental

Flight information
A Yun-12 aircraft with a cruising speed of approximately 50 m s −1 was used for all the flights. The aircraft measurements were conducted from 27 August to 13 October 2008 over the area to the south of Beijing in Hebei Province and Tianjin. The 18 flights, totaling 70 h in the air, were made over three different flight routes, as shown in Fig. 1 . More detailed flight information is summarized in Table 1 .
All the flights were conducted in "linear" patterns between different sites. Along flight route L1, 10 flights were carried out between the cities of Zaojiacheng (ZJC; 39 • 17 N, • 31 E), with the linear pattern flight from one city to the next one. The three altitudes were selected based upon the average depth of the boundary layer in the morning and afternoon. The 2100 m flight level puts the aircraft in the free troposphere but below the maximum altitude where the flight crew would require oxygen masks (the aircraft is unpressurized) and also at a low enough pressure altitude such that the instruments would function properly. The flight levels at 600 and 900 m placed the aircraft at two different altitudes, well within the mixed layer, where more than 90 % of the pollutants are contained. Comparison of the 600 and 900 m concentrations allowed for an estimate of the rate of mixing and dilution between the mixed layer and free troposphere.
The flights covered most of the area of the southern regions closest to Beijing. The aircraft departed from Binhai Airport (BH; 39 • 8 N, 117 • 21 E) in Tianjin and then flew to ZJC in Tianjin, followed by AC, ZZ, BD and SJZ in Hebei Province. Most of these cities are located to the south of Beijing. The cities of BH and ZJC are in the province of Tianjin and the other four cities are in Hebei Province. The biggest suppliers of power for the megacities of Beijing and Tianjin are approximately 20 large, coal-fired electric power plants located in Hebei Province. Additionally, several interstate highways crossed beneath the flight routes. This region has a high density of small towns and villages as well. As a result, the emissions from automobiles, coal burning, cooking and other industrial processes are major contributors to the regional layer of pollutants.
Instrumentation on the aircraft
Several commercial instruments were mounted on the aircraft to measure the concentration of O 3 , NO x (NO + NO 2 ), CO, SO 2 and CO 2 , as well as particle number concentrations of condensation nuclei (CN). Ozone (O 3 ) was measured with a UV (ultraviolet) photometric analyzer (Thermo Environmental Instruments Inc. (TECO), model TE/49i) with a detection limit of 0.5 ppbV and a precision of ±1 ppbV. It operates using absorption by O 3 of UV light at a wavelength of 254 nm. The measuring range was set as 0.5 to 200 ppbV with automatic temperature and pressure correction. NO-NO 2 -NO x was monitored with an O 3 -chemiluminescent trace level analyzer (TECO, model TE/42i) with a detection limit of 0.4 ppbV. It operates on the principle that nitric oxide (NO) and ozone (O 3 ) react to produce a characteristic luminescence with an intensity that is linearly proportional to the NO concentration. The NO and NO x concentrations calculated in the NO and NO x modes are stored in memory, and the difference between the concentrations is used to calculate the NO 2 concentration. Sulfur dioxide (SO 2 ) was measured with a pulsed UV fluorescence analyzer (TECO, model TE/43i) based on the principle that SO 2 molecules absorb UV light and become excited at one wavelength and then decay to a lower energy state emitting UV light at a different wavelength. The detection limit of the analyzer is 0.5 ppbV for a 5 min integration with a precision of 0.2 ppbV. Carbon monoxide (CO) was detected with a gas filter correlation CO analyzer (TECO, model TE/48i), and is operated on the principle that carbon monoxide (CO) absorbs infrared radiation at a wavelength of 4.6 µm, using an internally stored calibration curve to accurately linearize the instrument output.
The aerosol particle number concentrations were measured with a condensation nuclei counter (CNC, TSI Corporation, USA, Model 3020). It is designed to condense butanol vapor on particles in a continuous flow and uses a photodetector to determine the grown particles. It operates by producing a supersaturated vapor that condenses on the nuclei in order to grow them to a large, detectable size. For aerosol concentrations < 10 3 cm −3 , it is used in the single-particle counting mode. For concentrations > 10 3 cm −3 , it operates in the photometric mode. Typically, it is set to a flow rate of 300 mL min −1 , trigger level of 400 mV and pulse width of 30 µs. Under these conditions, the CNC counting efficiency is nearly constant for particles with a diameter > 20 nm and decreases with size for smaller original particles (Su et al., 1990) . For smaller particles, the counting efficiencies are significantly low, as the counting efficiency for diameter < 5 nm is < 0.1 (Agarwal and Sem, 1980) . Also, the counting efficiency of the CNC is a function of pressure and flow rate due to changes in heat and mass transfer rates, and varies much due to the changes of pressure and flow rate. The cut size of the CNC was sensitive to the temperature difference but relatively insensitive to the flow rate and the saturator temperature (Zhang and Liu, 1990) .
The particle size distributions were measured with an engine exhaust particle spectrometer (EEPS) (TSI Corporation, USA, model 3090). It measures the number concentration of particles ranging from 5.6 to 560 nm with 32 channels at 10 Hz frequency (TSI, 2013) . According to the information provided by TSI, this instrument is not sensitive to pressure changes below the altitude of 3000 m (W. Wang et al., , 2008a TSI, 2006) . Size-resolved particle number concentrations of PM 0.5 (particles with sizes less than 0.5 µm) were calculated as the sum of the number concentration of all channels.
The TSI aerodynamic particle sizer spectrometer (APS) (TSI Corporation, USA, model 3310) was used to sample particle size distributions from 0.47 to 30 µm. It uses 57 channels and gives number size distribution automatically. The surface and mass size distribution are calculated on the assumption that sampled particles have the same sedimentation rate as spherical particles with a density of 1 g cm −3 as well as the same diameters (W. .
To keep a constant flow rate and sampling pressure, a dome was adopted to introduce air into the sampling tube. All the gas-phase instruments were calibrated before the field campaign by injecting a span gas mixture of zeroed ambient air and standard gases. Standard gases such as NO, NO 2 , CO and SO 2 were purchased from the Beijing Hua Yuan Gas Chemical Industry Co., Ltd. O 3 standard was made from the ozone primary standard (TECO, model TE/49i-). The standard gases were diluted by zero-air sources with the instrument dynamic gas calibrator (TECO, 146i & 1160 dynamic gas calibrator). The detailed calibration procedure has been described by W. .
Meteorological conditions and backward trajectories
The meteorological state parameters temperature (T ), pressure (P ) and relative humidity (RH) were recorded every second. The high-sensitivity sensors of temperature and relative humidity (VAISALA, model Hnp-13Y) were slightly adjusted for the aircraft measurements. The pressure sensor used was purchased from Global Water Ltd. (model WE-100). The meteorological data from the surface, including Beijing, Tianjin and Shijiazhuang, were obtained from the website www.wunderground.com. Back trajectories are a standard tool for determining the source regions and transport patterns of air parcels observed at receptor sites. They can provide good representations of the general three-dimensional wind flow and are useful in identifying particular synoptic situations (Taubman et al., 2006) . All the backward trajectories were computed using the trajectory model of Hybrid Single-particle Lagrangian Integrated model (HYSPLIT 4) of NOAA's Air Resources Laboratory (Draxler and Rolph, 2013 ; http://ready.arl.noaa. gov/HYSPLIT.php).
In addition, the forecast dispersions of both the gases and particles are calculated by the dispersion model of HYS-PLIT (Draxler and Rolph, 2013 ; http://ready.arl.noaa.gov/ HYSPLIT.php) assuming either puff or particle dispersion. In the puff model, puffs expand until they exceed the size of the meteorological grid cell (either horizontally or vertically) and then split into several new puffs, each with its share of the pollutant mass. In the particle model, a fixed number of particles are advected through the model domain by the mean wind field and spread by a turbulent component. The Atmos. Chem. Phys., 14, 301-316, 2014
www.atmos-chem-phys.net/14/301/2014/ model's default configuration assumes a three-dimensional particle distribution (horizontal and vertical) (http://ready.arl. noaa.gov/HYSPLIT.php).
3 Results and discussion 3.1 General description of the pollution levels at different altitudes
As previously described in Sect. 2.1, three different flight routes were used during the sampling periods. Aircraft monitoring above Beijing City was not allowed during the Olympic periods; thus the flight routes were chosen to be around Tianjin and Hebei Province in the southern part of Beijing. For every sampling period, 48 h back trajectories were computed at three different heights of 600, 900 and 2100 m above the starting point located at ground level. ZJC and AC sites for flight L1; AC and ZZ sites for flight L2; and ZJC, AC, ZZ, BD and SJZ sites for flight L3 were computed. Also, 12 h forecast dispersions for both gases and particles were calculated for each flight, ending at the point sources of ZJC, AC, BD, SJZ and ZZ during the field campaigns. Global Data Assimilation System (GDAS) archived meteorological data have been used as input for both the backtrajectory and dispersion model (Draxler and Rolph, 2013;  http://ready.arl.noaa.gov/HYSPLIT.php). For each flight, the average concentration of gases and particles were shown in Table 2 . In general, the concentration of pollutants decreases with increasing altitude.
In order to discuss the detailed trends and variations for the flights, different groups of flights were classified in relation to the patterns in variation of back trajectories and forecast dispersions of each flight, as well as the different characteristics of gases and particles, as the following section will show.
Characteristics of gaseous pollutants at different flight routes
Based on both the back trajectory and the archived dispersion model analysis, the flight routes were classified into four groups relating to the origin of the air masses in the region where flights were conducted; these four origins were from the south, north and northwest, east, and a mixture of origins. It should be noted that the back trajectories and dispersion results did not always show consistent patterns for all flights; hence, the dispersion results and the adjacent variation of sampling were carefully considered for grouping. The flights that correspond to the four groups are (1) flight I-1 (FI-1), FII-1, FII-2, FIII-1 and FIII-2 for group 1 (G1); (2)FI-2, FI-3, FI-6, FI-8, FI-9 and FII-4 for group 2 (G2); (3) FI-4, FI-5, FI-7 and FII-3 for group 3 (G3); and (4) FI-10, FIII-3 and FIII-4 for group 4 (G4). For each group, the boxand-whisker plots of SO 2 , NO x , O 3 , CO, CN and PM 0.5 are shown in Fig. 2 at 2100, 900 and 600 m, respectively. The box part represents the central 50 % of the data, the lower edge is the 25th percentile and the upper edge is the 75th percentile. The whiskers in the plot represent the error bars. The following discussion will be in the same order as the group numbering.
Flights of G1: air mass origin from the southerly transport of pollution
Most of the flights showed significantly higher concentrations than other flights especially for NO x , SO 2 and O 3 at all three heights, as shown in Fig. 2 . The back trajectories and dispersion results of FI-1 and FIII-1 are shown as examples in Fig. 3 , indicating the influences of southerly transportation. We have performed Student t tests between G1 and other groups for gases and particles at different altitudes, as shown in Table 3 . The results confirmed the significant differences between G1 and other groups for all gases and particles at the three altitudes. These flights, and the associated backtrajectory and dispersion analysis, indicated the probable influence of emissions from the many large cities to the south on the research area. The gaseous pollutants showed significantly higher concentrations between G1 and other groups, particularly in the air with high concentration of SO 2 and O 3 , as shown in Table 2 . This may be due to air stagnation under conditions of low wind speeds and highly active photochemistry; the urban emissions of both primary compounds and precursors for secondary ions lead to an additional pollutant on top of the already elevated regional level Streets et al., 2007) . This may be shown from the higher concentration of particles, especially for PM 0.5 in G1.
As the three sites of ZJC, AC and ZZ are in the same region, their back trajectories are similar at the same height of each flight; hence the midpoint of the two sites ZJC and AC, AC and ZZ were used as a representative site of the back trajectories for line 1 and 2. For line 3, three sites were used at the same time, i.e., the midpoint of ZJC, AC, ZZ, BD and SJZ. The back trajectories varied little during the same flight, so only one is shown. The back trajectories and the forecast dispersion of both puffs and particles for G1 are shown in Fig. 3 as FI-1 and FIII-1 are representatives of G1.
For G1, the gases and particle pollutants come mostly from sources close to the south, as the back trajectory and the forecast dispersion shows in Fig. 3 . In addition, the levels of gas pollutants in G1 are significantly higher than those in other groups, especially for SO 2 , NO x and O 3 . The higher the altitudes, the more variation between flights of G1 and other groups, as shown in Table 2 and Fig. 3 . It is obvious that the higher concentration of SO 2 especially in 2100 m may be a good tracer for the southern sources from regional transport. As an example, SO 2 measured from FI-1 has shown to be tens to hundreds of times higher than the average of other flights (4.85 compared to 0.03-0.69 ppbV) at 2100 m, 2-18 times higher at 900 m (11.1 compared to 0.62-3.37 ppbV) and 2-30 times higher at 600 m (11.7 compared to 0.78-5.19 ppbV). NO x showed similar variation with SO 2 .
For O 3 , this group showed concentrations similar to the other groups at 2100 m, which may be the regional level of this height, as shown in Fig. 2 and Table 2 . However, it showed more variation between different flights at lower altitudes especially 600 m, which may suggest the differences of the ground transport or dispersion, as shown in Fig. 3 . For NO x pollution, all the flights showed a significantly higher contribution of NO 2 , which contributes to more than 90 % of NO x .
Flights of G2: air mass origin from the north and northwest
Most of the G2 flights showed generally low concentrations of gaseous pollutants at all three different heights compared to the other groups, as shown in Table 2 and Fig. 2 . The back trajectories and dispersion results of FI-2 and FII-4 are shown as examples in Fig. 4 , indicating the influences of northerly and northwesterly transportation. We have performed Student t tests between G2 and other groups for gases and particles at different altitudes, as shown in Table 3 . The results certified the significant lower variation between G2 and other groups for all gases and particles at the three altitudes. These flights indicated the possible influences of transport from the northerly or northwesterly direction of air that generally has lower concentration of pollutants due to fewer sources of gas and particles, as shown in Fig. 4 (Guo et al., 2004; . NO x and SO 2 showed significantly lower concentrations in G2 compared with other groups, especially G1. The average values of NO x and SO 2 measured during the G1 flights were 30-65 and 25-75 %, respectively. Faster flowing air with fewer pollutants from the north-northwest can clear out F Ι-1, particle dispersion F III-1, particle dispersion more local pollutants (Guo et al., 2004; ). The number concentration of CN and PM 0.5 , however, showed different characteristics than the gases. The concentration measured by the G2 flights were higher than those in G1 at 900 and 600 m. The average values measured by G2 flights were ∼ 3.2-3.8 times greater than the G1 flights for CN and ∼ 1.3 times higher for PM 0.5 . The inverse characteristics of gases and particles may again verify the characteristics of transport from the northerly or northwesterly direction, i.e., lower gaseous pollutants at all heights and lower CN at high altitudes but higher at lower altitudes. The contribution of dust may be the reason for these, as many studies on dust events in Beijing and surrounding areas Table 3 . Independent t test of gas and particle pollutants at different altitudes between the four groups. -G2 G1-G3 G1-G4 G2-G3 G2-G4 G3-G4  G1-G2 G1-G3 G1-G4 G2-G3 G2-G4 G3-G4  G1-G2 G1-G3 G1-G4 G2-G3 G2-G4 G3- have shown Sun et al., 2010) . Those studies reported the great increases of dust particles during dust events in PM 2.5 , as well as the dust transportation routes from northerly and northwesterly direction. Also, Park and Kim (2006) and Kim et al. (2007) reported the number distribution of dust aerosol, which showed bimodal modes with the geometric mean diameters of 0.36 and 1.12 µm and shifted toward the smaller size compared with that of the mass concentration (Park and Kim, 2006) , and showed little variation for the number concentration in 0.3-0.5 µm during dust events. Thus the transport direction may cause a greater contribution of dust particles.
Flights of G3: origin of the easterly transport of pollution
The G3 flights took place in air that had come from the east, especially at 600 and 900 m. This particular air featured mixing with the easterly sea sources and urban pollutants, as shown in Fig. 5 . For gaseous pollutants, especially NO x and SO 2 , the average concentration levels were found between the G1 and G2 flight groups, as shown in Table 2 and Fig. 2 . The particle concentrations, however, especially PM 0.5 , showed higher levels at 600 m than most flights in other groups, as the average number concentration of PM 0.5 reached 3.5 × 10 4 N cm −3 , compared with 1.6 × 10 4 for G1 and 2.0 × 10 4 N cm −3 for G2, as shown in Fig. 2 and Table 2 . This may verify the influences of eastern sea sources, the lack of gaseous pollutants but more sea salt particles, as the most dominant sea salt aerosols (ammonium sulfate and acidic sulfate) were dominant in a median diameter of 0.14 µm, and sea salt particles concentrated with modes at 0.2-0.6 µm (Mcinnes et al., 1997; O'Down et al., 1997) . Additionally, the mixing of local sources during transport contributes more to the gaseous pollutants. Fitzgerald (1991) showed in a review that the number concentration of background aerosol in the boundary layer over the remote oceans is in the range of 100-300 cm −3 , which is a normal range. For the east coasts of North America and Asia, the number can be increased to 4000-6000 cm −3 after mixing with the anthropogenic particles. The fine particle mode (r < 0.3 µm), which comprises 90-95 % of particle numbers but only about 5 % of the total mass, consists primarily of non-sea-salt sulfate (nss-sulfate) (Fitzgerald, 1991) . In addition, the mixing with local pollutants may significantly increase the number concentration of particles, as shown in Table 2 .
As for the size distribution, the submicron portion of the particle size distribution is bimodal, with peaks at 0.03 µm and 0.1 µm radius (Fitzgerald, 1991) . Differential mobility analyzer measurements showed that the submicron aerosol size distribution in clean marine air over the remote oceans is bimodal, with one peak in the range of 0.02-0.03 µm and the other in the range of 0.09-0.15 µm (Haaf and Jaenicke, 1980; Hoppel et al., 1986) . Few studies have been done on the number concentration of marine aerosol near the east coast of China.
Flights of G4: origin of the mixing of transport
The G4 flights showed inverse transport directions between back trajectories and forward transport, as shown in Fig. 6 . Taking FIII-3 and FIII-4 as examples, the G4 flights showed easterly or southeasterly and westerly or northwesterly directions for the back trajectories, while they showed inverse directions for the forecast transport, i.e., westerly or northwesterly for FIII-3 and easterly or northeasterly for FIII-4. In addition, these flights showed the influences of the mixture of different transport directions for the pollutants along the flight paths. This mixture causes the pollutants to have different characteristics than the other groups; that is, the transport at lower altitudes was more from the polluted southerly direction but at higher altitudes more from the cleaner northerly direction, as shown in Fig. 6 . Similar to other observations , the lengths of the back trajectories are much shorter for slower moving air arriving from the south at lower altitudes, favoring the accumulation of pollution in a stagnant mixed layer before arriving at the sampling sites. The back trajectories from the northerly or northwesterly directions are much longer at higher altitudes, and these faster moving air masses from cleaner regions are evident in the gas concentrations. The concentration of gases at 600 and 900 m from the G4 flights are similar to the G1 flights when the air was from the same southern sources. The particle concentrations are puzzling at 2100 m because CN and PM 0.5 levels are higher than for the other three groups of flights at this altitude.
Variation of the long-lived gas CO
The trace gas CO is different from the reactive gases NO x , SO 2 , and O 3 as it is longer lived and less reactive. It can be transported over longer distance and is a potential tracer of long-range transport. However, local sources of CO can complicate the interpretation of CO as a tracer of air mass origin. The variation at the three flight levels showed different 310 W. Zhang et al.: Airborne measurements of gas and particle pollutants characteristics even within the same groups. Figure 7 gives an example of the variation of CO concentration from several flights at three altitudes.
For L1, three types of CO-related of flights were identified: (1) CO concentration lower at 2100 m but higher at 600 and 900 m, (2) higher concentration at 2100 m but lower at 600 and 900 m, and (3) similar at all altitudes.
The back-trajectory analysis for the type 1 CO concentration showed longer transport at 2100 m (air mass from the northwesterly direction on 27 August and northerly on 3 September) and shorter, i.e., regional sources, at lower altitudes (air mass from the south and more local sources on 27 August and 3 September).
The back-trajectory analysis for the type 2 flights showed that air originated in the northwest for all three flight altitudes but that the air had come from a longer distance at 2100 m, as illustrated in Fig. 4a . The northwesterly direction at lower altitudes had a "cleaning" effect on the local and regional CO pollution, similar cleaning effects to particles have been reported by Guo et al. (2004) . The high concentration of CO at 2100 m may show the transport effect from the northwesterly direction at a higher altitude. This shows that CO may be 312 W. Zhang et al.: Airborne measurements of gas and particle pollutants The third group of flights included the flight in the morning and afternoon on 11 October and 13 October. These flights showed similar CO concentrations at the three altitudes: 0.37 ∼ 0.52, 0.14 ∼ 0.18 and 0.53 ∼ 1.15 ppmV at 2100 m, 900 and 600 m. The back trajectories showed the combination directions of group 1 and group 2 flights above. However, it is different for flights on 11 and 13 October, i.e., the same transport direction and similar transport range at the three heights on 11 October, but the longer transport in the westerly direction at 2100 m and the southwesterly direction at 900 and 600 m. The "cleaning" effect from the northwesterly transport direction caused the CO level on the afternoon flight to be significantly lower than the morning flight, as shown in Fig. 7 and Table 2 .
Size distribution of particles and its influencing factors
The concentrations of particles were always higher when the air masses were from the south, consistent with previous observations Guinot et al., 2007; Y. Wang et al., 2005; Wehner et al., 2008) . investigated two primary factors that influence particle properties. Firstly, the surrounding areas of Beijing show different characteristics; for example, in the southerly direction the region is highly populated and industrialized, whereas in the northerly or northwesterly directions, and partly in the east, there are mountains or deserts with lower anthropogenic emissions. Thus air masses from the southern areas are influenced by high pollutant emissions and those from northern areas have been less impacted by such emissions. Secondly, wind speeds are often lower during southerly advection (Wehner et al., 2008) , as was the case for the current study. Similar to other observations , the lengths of the back trajectories are much shorter for air masses from the south (see Figs. 3 and 6) , and the slower movement of this air favors the accumulation of gases and particles before arriving at the sampling sites. The size distribution of particles does not necessarily follow the same trends as were seen with the gases regarding air mass origin or altitude. Figure 8 shows the variation of size distributions with the three altitudes. Shown in the upper panel is the size distribution of 5.6-560 nm. The size distribution at 2100 m has the peaks concentrated between 20 and 30 nm. At the lower altitudes, the peaks fall between 80 and 120 nm. At 2100 m the width of the size distribution, centered around 20 nm, remains fairly constant, whereas at 900 and 600 m the width fluctuates, with several periods showing larger increases at sizes between 25 and 80 nm, suggesting a mixing of the air in the mixed layer with the free tropospheric air.
Local emissions and regional transport may be the most important factors affecting the size distribution of particles. Air masses originating from different directions and at different heights will bring aerosol particles that originate from varying sources and then also age differently, e.g., the northwesterly direction at 2100 m and southerly direction at 900 and 600 m on the 27 August flight, as shown in Fig. 3 . Correspondingly, the size distribution of 5.6-560 nm particles showed peaks of 20-30 nm at 2100 m and 80-120 nm at 900 and 600 m. However, it showed no peaks at 2100 m and showed peaks of ∼ 0.7 µm at 900 and 600 m in the size range of 0.5-20 µm, as shown in the lower panel in Fig. 8 . This may indicate the influencing effects of the different transport directions, i.e., the cleaning effects of the northwesterly transportation and polluted effects of the southerly transportation, which may be consistent with other ground-based studies Guinot et al., 2007; W. Wang et al., 2005; Wehner et al., 2008) .
Atmos
Local sources mostly impact the particle characteristics below 1000 m, while aging and photochemistry impact those in the free troposphere at 2100 m. As shown in Fig. 8 , the size distribution of particles 5.6-560 nm varied substantially over the time periods when the aircraft was at 900 and 600 m, and the peaks of size distribution showed a tendency toward smaller sizes at 04:05-04:08, 04:12-04:16, and 04:43-04:49 GMT at 900 m. Similar results are shown for size distribution at 600 m. In order to show the differences of 38 Fig. 9 The average size distribution of 5.6-560 nm particles at different heights on Aug. 27 flight ("900-Highway" means the average size distribution of particles above highways and freeways at 900 m) Fig. 9 for 900 m, as well as the averages of the sizes at different altitudes. As can be seen, the size distributions peaked at 81 nm at 900 m on average for special flight areas, and 93 nm on average for flight areas at both 600 and 900 m. As the aircraft measurements were conducted along linear tracks between two sites, after carefully checking with the flight time and flight areas, it can be seen that several highways and freeways below contribute to the differences in peak size. Fig. 9 shows the average size distribution of particles at different heights for flight FI-1, and here the distribution above the highway has been specially denoted as "900-Highway". However, we did not observe similar 81 nm peaks during other flights over the same flight areas. The meteorological conditions may have contributed to this. For example, there was moderate rain due to a thunderstorm on 27 August (www.wunderground.com). The wet deposition helps scavenge the aged particles (Nilsson, et al., 2001; Elperin et al., 2011) . Fresh emission from vehicles was observed, consistent with the results of Wang et al. (2011) . Those authors performed measurements of on-road emissions by individual diesel vehicles in and around Beijing by means of a mobile platform equipped with fast-response instruments such as an EEPS, and found bimodal modes peaking around 10 and 80 nm, close to the result of 81 nm obtained in special flight areas in this study. This confirms the potential impacts of vehicle emissions from highways or freeways in addition to the meteorological factors.
Intensive aircraft measurements of gaseous pollutants and particles in the regions around Beijing were conducted during the period from 27 August to 13 October 2008. The selected flight levels were 600, 900 and 2100 m along three different flight routes. Our major findings include the following:
1. Based on the back trajectories, forecast transport and pollution variation, the flights were classified into four groups based on the origin of air masses along the flight tracks: (1) air from the south, (2) air from the north or northwest, (3) air from the east and (4) the mixing of air from the north and south but at different altitudes.
2. Results from group 1: the high concentration of SO 2 , especially at 2100 m, may be a good tracer for the sources of pollution transported from the south, particularly from coal-fired power plants.
3. Results from group 2: most of the flights showed the lowest concentration of gas pollutants, at all three different heights, of the four groups of flights. These flights indicated the possible influences of transport from the cleaner northerly or northwesterly direction, where large regions are sparsely populated and arid.
4. Results from group 3: the average values found for gas pollutants fell between groups 1 and 2; however, particle concentrations were higher than those flights at group 1 and group 2.
5. Results from group 4: in this group of flights with air mass origins depending on the flight altitude, the lengths of the back trajectories are much shorter from the south at lower altitudes, indicating slower movement of air masses that favor the accumulation of pollution before arriving at the sampling sites. The longer back trajectories from the north or northwest at higher altitudes bring cleaner air from arid, less populated regions. These measurements showed the mixture of air mass origins in the concentration of both gases and particles.
These results illustrate the complexity of the evolution of an anthropogenic emission in a densely populated region. The regional transport brings air from one region mixed together with local sources, which create an interaction between gases and particles.
